The aim of this work is to introduce new ways to model the I-V characteristic of a PV cell 8 or PV module using straight lines and Bézier curves. This is a complete novel approach, Bézier 
Introduction
The forecast of the total PV installs, offered by Bloomberg New Energy Finance (BNEF) predicts 
27
The electrical characteristics of the PV cell and PV modules have been of interest for several 28 decades, and different models have been proposed. Phang and Chan [3] were among the first to 29 propose a solution for PV cell parameter extraction. Villalva et al. [4] developed an algorithm to find 30 the parameters defining the I-V characteristic for the single diode model of a PV cell, using the 31 Newton-Raphson method and imposing a minimum error threshold for the maximum power point.
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Cubas et al. [5] 
50
Bernstein polynomials have been studied since the beginning of the 20 th century and they form 
55
Bézier curves are largely used in computer graphics [11, 12] and also in time domain for 56 smoothing the trajectory of the robotic arms, for an accurate gluing or welding path or for trajectory 57 generation [13] . Further development for shape representation is proposed by Jalba et al. [14] .
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The current proposal analyses the use of Bézier curves 
84
The curve equation is as follows [15] :
where varies between 0 and 1. Equation (1) can be expressed for the and coordinates:
The derivative of (1) is:
At the end points, (3) becomes (4): 
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The equation for the Bézier cubic curve is [15] :
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The previous equation can be expressed for the and coordinates:
The derivative of (5) is:
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At the end points, (7) becomes (8):
Materials and Methods

102
The PV cell used in our work is a high efficiency, silicon monocrystalline 156 x 156 mm 2 cell [16] 103 and has the main characteristics summarized in Table 1 . Cubas et al. [5] . Its main electrical data is listed in Table 2 and this information will be used in Section 109 4.4 to evaluate the influence of the temperature and irradiance to our Bézier curves based model. For studying and representing Bézier curves, an interesting application which allows draggable 113 control points was developed by Mugnaini [18] . For computing the coordinates on the curves we 114 used the Kronecker tensor product found as in [19] . An example for Bézier least square fitting method 
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Results
117
It must be stressed out that all the physical actual values involved in sections 4.1, 4.2 and 4.3 are 118 specified at 25°C, being reference values. The irradiance is also standard (1000 W m 2 ). As it will be
I-V Characteristic approximation with two segments and a quadratic Bézier Curve
121
The first approximation implies five control points: 
128
It has already been proven [3] that the slopes of the lines can be written as (9) and (10):
Thus, the equation for first line is (11):
By choosing in the linear region (eg 0.6 ), one can find from the above equation, so 135 is completely defined.
For the second line, the next equation is valid (12):
The ( , ) control point has therefore the coordinates defined by (13):
For , it must be emphasized that its position is on the end of the curve, a realistic value being 141 0.9 . The maximum power point is positioned on the second curve, so solving (14) gives :
143
Replacing the positive solution for in (2) yields as in (15):
Now all the control points of the plot are completely defined. The results are summarized in 145 The final plot is represented in Figure 5 , where one can observe an excellent correspondence 
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The same conclusion arises from Figure 6 , where the relative error has been plotted. It is worth 157 mentioning that although the relative error is quite high above 0.64 V (0.92 ), the absolute error is 158 in fact less than 0.7 A in a region where the cell normally should not operate. 
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Looking for a more accurate model is the reason we came up with the second scenario, where 164 the I-V characteristic is entirely modeled with cubic Bézier curves.
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I-V Characteristic approximation with three cubic Bézier curves
167
In order to have a general solution, we analyzed the case where all three regions are covered 168 with cubic Bézier curves. This implies 12 control points (Figure 7) , i.e. 24 coordinates to be found. 
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The first curve, represented in Figure 8 , is described by the control points (0, ), , 
184
The second curve (Figure 7) is described by the control points = , , and . We 
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The third curve (Figure 7 ) is described by the control points = , , and ( , 0).
190
Using the same assumptions as for the second curve, = + ( − ) 3 , with = 1,2 .
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It is obvious that = and = . The segment is tangent to the curve at the point
192
, so = ( − ) . This leaves as an additional unknown at this step.
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For continuity reasons, and segments belong to the same line. This implies that 
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The control point is placed on the second curve, so (18) can be written:
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Solving the previous equation and keeping only the real solution for , (19) is also valid:
Finally, the graph also goes through the MPP point , , yielding equation (20):
Keeping only the real solution for , (21) is also valid:
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The linear system made of equations (17), (19) and (21) 
223
The relative error of the Bézier modeled I-V characteristic against the actual data taken from [8] 224 is shown in Figure 11 . It must be emphasized that in the 0 … 0.94 range, the relative error is below 225 1%. Above 0.94 the absolute error is less than 72mA, while the reference = 9.207A. 
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Data fitting using the least squares method
231
Data fitting using the least squares method is a standard approach in data analysis [21, 22] . A 232 good overview of curve fitting using Bézier cubic curves in image processing is given by Shao et al. Table 5 summarizes the data fitting results for the same PV cell used in sections 4.1 and 4.2, where the results
240
from the two approaches are very close. The graphical representation of the date fitting is given in 241 Figure 12 , where just the endpoints are represented. Figure 12 . Bézier approximation using the least squares method.
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Figure 13 depicts the relative error of the modeled I-V characteristic compared with the actual 249 data taken from our previous work [8] . In the 0 … 0.96 range, the relative error is below 2%.
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Furthermore, above 0.96 , the absolute error is less than 66 mA, while the reference short circuit 251 current is 9.207A. 
278
The temperature dependent Bézier curves resulted from our algorithm compared with the actual 
Discussion
285
In all studied cases, the x coordinates can be evenly spaced. Both for the PV cell and for the PV 
